Infection with human T-cell leukemia virus type 1 (HTLV-1) is associated with adult T-cell leukemia (ATL) and tropical spastic paraparesis. Type I interferons (IFNs) are key effectors of the innate antiviral response, and IFN-␣ combined with the nucleoside reverse transcriptase inhibitor zidovudine is considered the standard first-line therapy for ATL. HTLV-1 oncoprotein Tax is known to suppress innate IFN production and response but the underlying mechanisms remain to be fully established. In this study, we report on the suppression of type I IFN production by HTLV-1 Tax 
IMPORTANCE
Human T-cell leukemia virus type 1 (HTLV-1) is the cause of adult T-cell leukemia (ATL), an aggressive and fatal blood cancer, as well as another chronic disabling disease of the spinal cord. Treatments are unsatisfactory, and options are limited. A combination of antiviral cellular protein alpha interferon and zidovudine, which is an inhibitor of a viral enzyme called reverse transcriptase, has been recommended as the standard first-line therapy for ATL. Exactly how HTLV-1 interacts with the cellular machinery for interferon production and action is not well understood. Our work sheds light on the mechanism of action for the inhibition of interferon production by an HTLV-1 oncogenic protein called Tax. Our findings might help to improve interferonbased anti-HTLV-1 and anti-ATL therapy.
F
ive to 20 million people worldwide are infected with human T-cell leukemia virus type 1 (HTLV-1), among them about 3% might develop adult T-cell leukemia (ATL), and another 1% could suffer from tropical spastic paraparesis. Both diseases are poorly treatable (1, 2) . A combination of alpha interferon (IFN-␣) and zidovudine has emerged as the standard first-line therapy for ATL (3, 4) . Whereas zidovudine is a nucleoside analog that inhibits reverse transcriptase, IFN-␣ is an antiviral cytokine that serves as a key effector in innate immunity (5) . Both IFN-␣ and zidovudine are required in this modality, but how they cooperate to achieve optimal therapeutic effect is not understood. To shed light on this, it will be of importance to elucidate how HTLV-1 perturbs type I IFN production and signaling.
Recognition of pathogen-associated molecular patterns by pattern recognition receptors of the host cell triggers innate immune response, including the production of type I IFNs (6, 7) . For example, upon recognition of viral nucleic acids, Toll-like and RIG-I-like receptors, as well as other sensors, generate an activation signal that is transmitted through adaptor proteins such as MAVS and STING, resulting in TBK1-dependent phosphorylation of IRF3 and IRF7 transcription factors which translocate into the nucleus to activate IFN promoters (8, 9) . Increased expression of type I IFNs ultimately leads to the activation of JAK-STAT signaling and the consequent induction of IFN-stimulated genes (ISGs), including those coding for some proinflammatory cytokines (10) . Exactly how HTLV-1 infection is sensed by the host cell is poorly understood. The involvement of cytoplasmic RNA sensor RIG-I in the sensing of another retrovirus human immunodeficiency virus type 1 (HIV-1) has been suggested (11) . Because optimal function of RIG-I requires PACT, a cellular double-stranded RNA-binding protein which binds and activates RIG-I (12), it will be of interest to see whether PACT might also play an important role in the sensing of HIV-1 and HTLV-1. On the other hand, cGAMP synthase (cGAS) is another key sensor of HIV-1 (13, 14) . Activation of cGAS by double-stranded DNA or DNA-RNA heteroduplex leads to the synthesis of 2=,3=-cGAMP, a mammalian cyclic dinucleotide second messenger with noncanonical 2=-5= phosphodiester linkage, which binds and activates STING to induce IFN production (15) (16) (17) . Thus, the function of cGAS and STING is highly relevant to HTLV-1 infection.
To circumvent the antiviral action of type I IFNs, viruses have developed various strategies to antagonize IFN production and signaling (18, 19) . Particularly, HTLV-1 evades IFN production and signaling at multiple steps through multiple mechanisms (20, 21) . HTLV-1 suppresses IFN signaling by inducing the expression of SOCS1, an inhibitor of JAK-STAT signaling (22) . This induction is mediated by HTLV-1 Tax through NF-B (23). Tax is not only the viral transactivator but also an oncoprotein that plays important roles in the initiation of ATL development (24) (25) (26) . Tax activates viral and cellular transcription primarily through CREB and NF-B pathways (27) (28) (29) (30) (31) (32) (33) (34) . In addition, Tax is known to interact with RIG-I, MDA5, TRIF, and RIP1, leading to the inhibition of IRF7 (35) . Whereas these findings support the notion that Tax perturbs IFN production and signaling, both TBK1 and IRF3 have also been shown to be activated by Tax, leading to constitutive activation of IFN production (36, 37) . Thus, further investigations are required to clarify whether HTLV-1 and Tax might induce or suppress type I IFN production.
In this study, we investigated the influence of HTLV-1 on the activation of type I IFN production in both HTLV-1-transformed ATL cells and freshly infected T lymphocytes. We then determined the role and action point of Tax in the modulation of IFN production. Tax mutants defective for the activation of either CREB or NF-B were further tested for the ability to affect IFN induction. Finally, the association of Tax with IRF3 kinase TBK1 and the impact of recombinant Tax protein on the kinase activity of TBK1 were determined. Our work defined the negative regulatory role of Tax on IRF3 phosphorylation by TBK1.
MATERIALS AND METHODS
Cell culture, transfection and infection. HEK293 cells, as well as HTLV-1 Ϫ (Jurkat and CEMT4) and HTLV-1 ϩ (MT2, MT4, and C8166) T cells, were cultured and transfected as previously described (38, 39) . Infection of cells with Sendai virus (Cantell strain) or vesicular stomatitis virus expressing green fluorescent protein (VSV-GFP) was performed as described previously (12, 40) . GFP fluorescence was quantified by flow cytometry.
Infection of Jurkat cells with HTLV-1 was achieved through coculture with MT2 cells as described previously (41) . Briefly, Jurkat cells were transfected with reporter constructs. After 24 h, 2 ϫ 10 5 or 4 ϫ 10 5 of MT2 cells were cocultured with the transfected Jurkat cells. Cells were harvested for a dual-luciferase assay after another 24 h.
Plasmids. Luciferase reporter plasmids pLTR-Luc, pB-Luc, pIRF3-Luc, pIFN-␤-Luc, and pISRE-Luc as well as expression vectors for Tax, Tax mutants, RIG-IN, RIG-I, TBK1, IKKε, IRF3, IRF3-5D, and IRF7 have been described in our previous publications (41) (42) (43) (44) . The expression of target proteins was driven by a strong promoter derived from human cytomegalovirus. Luciferase reporter plasmid pIFN-␣-Luc containing nucleotides Ϫ140 to ϩ9 of human IFN-␣1 promoter (45) was kindly provided by Yuan Yan (University of Pennsylvania, Philadelphia, PA). cGAS and STING were subcloned from IMAGE cDNA clones (6015929 and 5762441) and expressed in pCAGEN and pcDNA6B vectors, respectively.
Antibodies and protein analysis. Mouse anti-Tax antibody has been described (29, 46) . Rabbit anti-TBK1 and anti-phospho-TBK1 (S172) antibodies were purchased from Cell Signaling (Danvers, MA). Mouse anti-V5 antibody was bought from Life Technologies (Grand Island, NY). Mouse anti-HA (Y11), anti-Myc (9E10), and anti-glutathione S-transferase (anti-GST; B14) antibodies were from Santa Cruz Biotechnology (Dallas, TX). Mouse anti-Flag (M2) and rabbit anti-V5 antibodies were from Sigma-Aldrich (St. Louis, MO). Mouse anti-␤-tubulin and rabbit anti-GFP antibodies were from Abcam (Cambridge, MA). Western blotting, native gel electrophoresis analysis of IRF3 dimerization, and coimmunoprecipitation were performed as described previously (12, 40, 41) .
Luciferase reporter assay. Cells were harvested 30 to 48 h after transfection for dual-luciferase assay as described previously (12, 40) . Normalization of transfection efficiency was achieved by cotransfection of pSVRLuc reporter (Promega, Madison, WI). Results represented three independent experiments and standard deviations (SD) were indicated. Two-tailed Student t test was carried out to assess the statistical significance of the differences between groups.
RT-PCR. Sendai virus defective interfering (DI) RNA was analyzed by semiquantitative reverse transcription-PCR (RT-PCR). The trailer sequence 5=-ACCAGACAAGAGTTTAAGAGATAT-3= was used as both forward and reverse primers. Procedures for real-time RT-PCR have been detailed elsewhere (39, 40) . The primer sequences for Tax, IFN-␤, and ␤-actin transcripts have also been described (12, 40) . The normalized value in each sample was calculated from the amount of target RNA relative to ␤-actin mRNA. A comparative threshold cycle (C T ) method was used to calculate the relative RNA expression level from 2
Ϫ⌬⌬CT . In vitro kinase assay. Recombinant maltose-binding protein (MBP), MBP-tagged Tax (MBP-Tax), and GST-tagged IRF3 protein were purified from Escherichia coli and used for in vitro kinase assay as described previously (47, 48) . Flag-tagged TBK1 protein was immunoprecipitated from transfected HEK293 cells using anti-Flag antibody (Sigma-Aldrich). In the presence of [␥-
32 P]ATP, purified IRF3 and TBK1 proteins were incubated with MBP-Tax. Phosphorylated IRF3 was separated by SDS-PAGE and visualized by autoradiography. The intensity of phosphorylated IRF3 was quantified by densitometry using ImageJ software (v1.48).
RESULTS

HTLV-1 suppresses the activation of IFN-␤ production.
To clarify whether HTLV-1 might activate or inhibit type I IFN production, we compared IFN-␤ induction in three representative HTLV-1-transformed ATL cell lines MT2, MT4, and C8166 versus the two HTLV-1 Ϫ T lymphocytic cell lines Jurkat and CEMT4. Sendai virus, a common and potent inducer of IFNs, was used to stimulate IFN-␤ production in these cells. Robust expression of Tax transcript was observed in the infected cells (Fig. 1A) . Whereas Sendai virus strongly induced IFN-␤ mRNA expression in Jurkat and CEMT4 cells (Fig. 1B , column 2 compared to column 1 and column 4 compared to column 3), no induction was detected in Tax-expressing MT2, MT4, and C8166 cells (Fig. 1B , columns 5 to 10). Sendai virus (Cantell strain) was specifically selected for hyperinduction of type I IFNs, primarily due to overproduction of a copy-back-type defective interfering RNA (DI RNA), which activates PACT and RIG-I (49, 50). We verified that this IFN-inducing viral RNA was abundantly expressed in infected T cells (Fig. 1C) . However, DI RNA-induced activation of IFN-␤ production was impeded in HTLV-1-transformed cells (Fig. 1B) . A similar inhibition of IFN-␤ production was also observed in MT4 and C8166 cells infected with VSV-GFP (Fig. 1D , columns 4 and 6 compared to column 2). Consistent with this inhibition, viral replication, as indicated by the GFP fluorescence, was more robust in MT4 and C8166 cells (Fig. 1E , columns 2 and 3 compared to column 1). Thus, viral induction of IFN-␤ was abrogated in HTLV-1-transformed cells.
Although the loss of IFN-␤ induction in HTLV-1-transformed cells suggested an inhibitory effect of HTLV-1 on type I IFN production, verification in cells freshly infected with HTLV-1 was desirable. Because HTLV-1 is transmitted primarily through virological synapse (51), we infected Jurkat cells through coculture with MT2 cells. IFN-␤ induction by Sendai virus was robust in Jurkat cells (Fig. 1) . To facilitate the detection of IFN-␤ induction, we transfected into Jurkat cells a reporter plasmid driven by multiple copies of IRF3 binding sites, together with an expression vector for a constitutively active mutant of RIG-I named RIG-IN, which contains the N-terminal CARD domains only. Both constructs have been described and used previously (12) . Potent activation of the IRF3-Luc reporter by RIG-IN in Jurkat cells was verified ( Fig. 2A , columns 2 and 3 compared to column 1). Infection of Jurkat cells by coculture with MT2 was also successful, as indicated by the robust LTR-Luc activity recovered from Jurkat cells (Fig. 2B, columns 3 and 4 compared to columns 1 and 2) . Notably, the IRF3-Luc activity was dampened in Jurkat cells cocultured with MT2 cells compared to Jurkat cells cocultured with CEMT4 cells (Fig. 2C, columns 3 and 4 compared columns to 1 and 2). Hence, IRF3 activation was compromised in Jurkat cells freshly infected with HTLV-1.
Suppression of IRF3 activation by HTLV-1 Tax. As discussed above, we noticed an inverse correlation of Tax expression with IFN-␤ induction or IRF3 activation in HTLV-1-infected cells ( Fig.  1 and 2 ). To determine whether Tax could sufficiently suppress IRF3 activation, we performed additional luciferase assay in Jurkat cells. Although the transfection efficiency in Jurkat cells was low, a trend for the dose-dependent suppression of RIG-IN-induced activation of IRF3 transcriptional activity by Tax was evident (Fig.  3A , columns 6 to 8 compared to column 5). Complementary to this, we observed that RIG-IN-induced IRF3 dimerization was less pronounced in HEK293 cells when Tax was expressed (Fig. 3B,  lanes 3 and 4 compared to lane 2) . These results consistently supported the suppression of IRF3 activation by Tax.
Tax suppresses IFN-␤ induction at the step of IRF3 phosphorylation. We next sought to pinpoint the key step perturbed by Tax in its suppression of IFN-␤ induction by epistatic analysis. The induction of type I IFN production is governed by signal transduction pathways in which an activation signal is relayed by a cascade of signaling proteins to IRF3 and IRF7 transcription factors which switch on IFN promoters (7). Particularly, RNA recognition by RIG-I emanates an activation signal that is passed on sequentially to MAVS, TBK1, IKKε, IRF3, and IRF7 (8, (52) (53) (54) (55) . Theoretically, Tax should suppress the effect of all upstream inducers, but it had no influence on the effect of its downstream effectors. Therefore, the action point of Tax can be determined by assessing its suppressive effects on a series of transducer proteins. As the first step, we chose to evaluate the impact of Tax on the IFN-inducing activity of RIG-I, RIG-IϩPACT, RIG-IN, TBK1, IKKε, IRF3-5D, and IRF7. IRF3-5D is a phosphomimetic and constitutively active mutant in which five TBK1 phosphorylation sites are replaced by Asp (56) . Three reporter plasmids pIFN-␣-Luc, pIFN-␤-Luc, and pIRF3-Luc were used in our experiments. Whereas IFN-␣-Luc and IFN-␤-Luc activities, respectively, reflect the levels of IFN-␣1 and IFN-␤ production, the IRF3-Luc activity more specifically indicates the amount of activated IRF3 (12) . The expression of target proteins in the transfected cells was verified by Western blotting (see Fig. 4C for one example). Interestingly, Tax was found to potently inhibit both IFN-␤-Luc and IRF3-Luc activity induced by RIG-IϩPACT, RIG-IN, TBK1, and IKKε (Fig.  4A , B, and D to I). Tax also repressed the activation of IFN-␣-Luc activity by IRF7 (Fig. 4K and L) . In contrast, Tax had no influence on the activity of IRF3-5D (Fig. 4E and J) . We therefore reasoned that Tax might act at the step of IRF3 phosphorylation.
To strengthen our existing data, a fourth reporter construct pISRE-Luc was used to compare the effect of Tax on IRF3 and IRF3-5D. Reporter expression in the pISRE-Luc plasmid is driven by IFN-stimulated response element (ISRE) found in ISGs. It is therefore a more sensitive indicator of IFN production and signaling (12) . Interestingly, whereas the activity of IRF3 to activate ISRE was fully susceptible to Tax inhibition (Fig. 5A, columns 4, 6 , and 8 compared to column 2), the activity of IRF-5D was unaffected by Tax (Fig. 5B, columns 6, 9 , and 12 compared to column 3). These results lent further support to the notion that Tax acts at the step of IRF3 phosphorylation.
Above, we tested the suppressive effect of Tax on the RIG-I pathway. However, recent evidence suggests that the cGAS pathway is more relevant to retroviral infection (13, 14) . Thus, we set out to assess the impact of Tax on cGAS activation. To reconstitute cGAS signaling in HEK293 cells, the coexpression of cGAS and STING is required (15) . In HEK293 cells expressing both cGAS and STING, Tax exhibited a moderate and dosedependent suppressive effect on cGAS-induced activation of IRF3-Luc activity (Fig. 5C, columns 4, 6 , and 8 compared to column 2). Thus, Tax was capable of suppressing both RIG-I and cGAS signaling.
Tax suppression of IFN-␤ production is independent of CREB or NF-B activation.
Tax is a well-characterized activator of both CREB and NF-B signaling (27) (28) (29) (30) (31) (32) (33) (34) . To determine the requirement of CREB and NF-B activation for Tax suppression of IFN-␤ induction, we took advantage of the previously characterized Tax mutants that are defective for activation of either CREB or NF-B (28, 57, 58) . Particularly, Tax L320G mutant can activate NF-B but not CREB (28, 58) , whereas Tax H43Q and S258A mutants (28, 58) , as well as a T130A L131S mutant named M22 (57) , are defective for NF-B activation but retain the ability to activate CREB. To our surprise, all Tax mutants exhibited an inhibitory effect on RIG-IN-induced IFN-␤ production comparable to wild-type Tax (Fig. 6A, columns 6, 8, 10 , and 12 compared to column 4). Additionally, the M22 mutant also retained the ability to confer dose-dependent suppression of cGAS activation (Fig. 6B, columns 4, 6 , and 8 compared to column 2), which is similar to that of wild-type Tax on IRF3 activation (Fig. 5C) . The activity profiles of Tax and its mutants on the activity of LTR-Luc and B-Luc were validated ( Fig. 6C and D) . The LTR-Luc activity reflects the ability of Tax to activate CREB (28) . Because Tax and its mutants were capable of activating LTR-Luc or B-Luc to similar magnitude (Fig. 6C and D) , they were expressed to comparable levels in transfected cells. Collectively, our results suggested that the ability to activate CREB or NF-B is dispensable for Tax suppression of type I IFN induction.
Tax associates with TBK1 and inhibits TBK1 phosphorylation of IRF3. Since Tax was capable of suppressing the activity of TBK1 but not IRF3-5D (Fig. 4 and 5) , we reasoned that Tax might exert an inhibitory role directly on TBK1, the key protein kinase for phosphorylation of IRF3, which is in turn the key transcription factor activating IFN promoters (52, 53, (59) (60) (61) . To test this model, we first performed reciprocal immunoprecipitation and immunoblotting assays to examine the association of Tax with TBK1. When we precipitated Tax from MT2, MT4, and C8166 cells, TBK1 was detected in the Tax-containing immune complex (Fig. 7A, lanes 3 to 5 compared to lanes 1 and 2) . Consistently, Tax was also found in the TBK1 immunoprecipitate from MT4 and C8166 cells (Fig. 7B) . These results demon-strated the association of Tax with endogenous TBK1 in HTLV-1-transformed cells.
Because IKKε, STING, and IRF3 have also been found in the TBK1 complex (52-55, 60), we performed additional coimmunoprecipitation assays in transfected HEK293 cells to determine whether Tax might also associate with these proteins. Not to our surprise, Tax was detected in the IKKε and IRF3 precipitates ( Fig. 7C and E, lane 3) , whereas STING was also found in the immunoprecipitate that contains Tax (Fig, 7D, lane 3) .
Hence, Tax likely forms a complex with TBK1 and other TBK1-interacting proteins.
We next investigated how the binding of Tax with TBK1 might affect IRF3 kinase activity of the latter. An in vitro kinase assay was performed with recombinant MBP-Tax and GST-IRF3 proteins purified from E. coli (Fig. 8A) , as well as TBK1 precipitated from transfected HEK293 cells (Fig. 8B) . Incubation of GST-IRF3 with TBK1 resulted in the phosphorylation of GST-IRF3 (Fig. 8C, lane 2 compared to lane 1) . The addition of progressively increasing amounts of MBP-Tax into the phosphorylation reaction led to dose-dependent reduction of the levels of phosphorylated GST-IRF3 (Fig. 8C and D, lanes 3 to 7  compared to lane 8) . In our experimental setting TBK1 autophosphorylation was not observed (Fig. 8C, lane 9 compared to  lane 10) . In another experiment, Tax expression in HEK293 cells had no influence on the induction of TBK1 phosphorylation by RIG-IN (Fig. 8E, lanes 3 to 5 compared to lane 2) . Taken together, Tax exerted an inhibitory effect on the IRF3 kinase activity of TBK1.
DISCUSSION
We demonstrated in this study the suppression of TBK1-mediated phosphorylation of IRF3 by HTLV-1 Tax. Type I IFN induction was impaired in HTLV-1-transformed ATL cells and in T lymphocytic cell line freshly infected with HTLV-1. The suppression of IFN production was sufficiently executed by Tax oncoprotein. This suppressive role of Tax on IFN induction did not require the ability to activate either CREB or NF-B. The action point at which Tax antagonizes IFN induction was determined. The association of Tax with TBK1 and the consequent inhibition of the IRF3 kinase activity of TBK1 lent further support to the notion that Tax perturbs IRF3 phosphorylation.
Generally consistent with previous findings on Tax induction of SOCS1 (22, 23) and Tax interaction with RIP1, leading to the inhibition of IRF7 (35) , our work provides a new mechanism by which HTLV-1 evades an innate IFN response (Fig. 8F) . In other words, at least three routes operate in the suppression of innate IFN production and signaling by Tax. Because type I IFNs and ISGs are capable of inhibiting HTLV-1 replication, viral evasion of IFN production and signaling is logical and probably represents a survival strategy. This is important in all stages of viral infection, including both the initial and the persistent phases. Although some technical details reported in the different papers might differ, these studies are generally complementary to our work. Tax is known to be multifunctional, and it is not surprising that it acts through multiple mechanisms that are not mutually exclusive. For example, the association of Tax with RIG-I, TRIF, and RIP1 reported in the another study (35) might also contribute to the inhibitory effect on TBK1 and IRF3 observed in our work. On the other hand, the inhibition of TBK1 by Tax demonstrated here could result in the previously reported inhibition of IRF7 (35) , which was also observed in our study. Notably, our findings also provide the first evidence for Tax suppression of the cGAS-STING pathway, which also plays an important role in the sensing of HTLV-1 infection (62) . In this regard, it will be of interest to elucidate how cGAS cooperates with STING to sense HTLV-1 and whether Tax might perturb the sensing or consequent intracellular signaling events more directly.
Our work directly contradicts two previous reports that claimed the activation of TBK1, IRF3, and IFN production by Tax (36, 37) . Our findings that IFN-␤ induction was compromised in HTLV-1-infected cells did not support the claim for activation of IFN induction. Although the interaction of Tax with TBK1 was shown in our work and another recent study (37) , the functional consequence reported in these two studies was completely opposite. Our finding on Tax inhibition of TBK1 activity was supported by a cluster of evidence obtained from different cells and using different experimental approaches. First, IFN-␤ induction was compromised but not activated in HTLV- We obtained similar findings with TBK1 and the related kinase IKKε. To our surprise, neither CREB nor NF-B activation was required for the suppressive effect of Tax on type I IFN induction. For its activation of CREB and NF-B signaling, Tax interacts with and modulates the activity of various kinases, including their regulatory subunits such as IKK␥ (47, 63, 64) . Probably, Tax exerts its regulatory function on different kinases through different mechanisms. In this regard, further investigations are required to elu- cidate the mechanism by which Tax inhibits TBK1 and IKKε. A recent study revealed that phosphorylation of MAVS, STING, and TRIF by TBK1 is another essential step for IRF3 activation (53) . In light of this new information, it is tempting to suggest that Tax might target the phosphorylation of other substrates by TBK1. This is compatible with the association of Tax with TRIF demonstrated in a previous study (35) . Plausibly, this might lead to a unifying model for Tax perturbation of IFN production. Thus, it will be of particularly great interest to elucidate whether Tax might indeed suppress TBK1 phosphorylation of TRIF, MAVS, and STING.
A combination of IFN-␣ and zidovudine has been recommended as the standard first-line therapy for ATL (1) (2) (3) (4) . Exactly how this combination achieved optimal therapeutic effect remains to be elucidated. Because HTLV-1 is capable of suppressing IFN production and signaling effectively, the anti-HTLV-1 activity of zidovudine might be required for the execution of the antiproliferative and immunomodulatory activity of IFN-␣. A better understanding of the mechanism by which Tax oncoprotein perturbs IFN production and signaling in HTLV-1-infected cells would allow us to identify agents and strategies to counteract Tax and reestablish innate IFN response which might have therapeutic benefits. For example, both RIG-I and STING agonists have shown broad-spectrum antiviral effects (50, 65, 66) . It will be of interest to see whether some of these agents might prove useful in the treatment of ATL. 
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